Following the detection of formaldehyde in cultivated mushrooms, an evaluation was carried out to assess whether its presence in food poses a risk to public health. Formaldehyde, a carcinogenic chemical, has a broad range of industrial applications and, hence, exposure to formaldehyde is ubiquitous through diverse consumer goods, food, the air, etc. The observed levels of formaldehyde in mushrooms are lower than the levels reported for vegetables, fruit, meat, fish and dairy products. On the basis of available data, a rough estimate of the dietary exposure to formaldehyde was performed. The exposure through the consumption of cultivated mushrooms (approximately 0.19 mg kg À1 body weight day À1 on average, consumers only) appeared to be small compared with the total dietary intake of formaldehyde (approximately 99.0 mg kg À1 body weight day
Introduction
Formaldehyde (CH 2 O, CAS 50-0-0) is a colourless, flammable gas that is commercially available as a 35-40% aqueous solution (formalin), as formol (a mixture of formaldehyde, formic acid and methanol in water) or as the precursor hexamethylenetetramine (a complex of formaldehyde with ammonium). In the solid form formaldehyde is available as the trimer trioxane (1,3,5-trioxane or s-trioxane) or as the polymer paraformaldehyde ((CH 2 O) n with n ! 8) (International Programme on Chemical Safety (IPCS) 1989 (IPCS) , 2002 .
Formaldehyde is classified by the International Agency on Cancer (IARC) into Group 1, as being carcinogenic to humans (IARC 2006) . Within the European Union formaldehyde is currently classified as a category 3 carcinogen with the risk phrase 'R40, limited evidence of a carcinogenic effect' (Directive 2001/59/EC; European Commission 2001), but discussions are currently taking place to change this classification to category 1 -'R49, may cause cancer by inhalation'. Most studies regarding the toxicity of formaldehyde relate to the inhalation of formaldehyde, which is probably the most important route of exposure. The available data on the effects of ingestion or of skin contact with formaldehyde are limited.
Since formaldehyde is water soluble, highly reactive with biological macromolecules (formaldehyde induces DNA-protein and protein-protein cross-links), and rapidly metabolized, the effects of exposure are mainly observed in those tissues or organs which come into first contact with formaldehyde, namely the respiratory and gastrointestinal tract, oral and gastrointestinal mucosa included (erosion, ulceration, inflammation and hyperplasia of stomach and forestomach were observed in rats) (IPCS 1989 (IPCS , 2002 Schulte et al. 2006; Bundesinstitut fu¨r Risikobewertung (BfR) 2006; IARC 2006) . There is no evidence that formaldehyde is carcinogenic by the oral route (European Food Safety Authority (EFSA) 2006). Formaldehyde causes toxicity to the nasal epithelium of rats and mice upon inhalation and induces above certain concentrations dose-related increases in nasal tumours. Epidemiological data have shown that formaldehyde is carcinogenic in human by the inhalation route (nasopharyngeal cancers and sinonasal cancers). While a genotoxic mode of action (MOA) can never be ruled out for a compound that is clearly genotoxic, at least in vitro and locally in vivo, the MOA would be based on the induction of sustained cytoxicity and cell proliferation at the site of contact upon long-term exposure (McGregor et al. 2006) .
Formaldehyde is produced industrially for a large number of applications such as the production of resins that act as adhesives and binders for wood products, pulp, paper, glass wool and rock wool, and the production of some plastics, coatings, paints and varnishes, industrial chemicals and textile finishing. It is also used in packaging, cosmetics and as a disinfectant and preservative. For example, formaldehyde is currently allowed as a preservative under the form of hexamethylene tetramine (E 239) In the context of its monitoring programme, the Belgian Federal Agency for the Safety of the Food Chain (FASFC) analysed formaldehyde in cultivated mushrooms. In Belgium, the use of formaldehyde as a disinfectant in the cultivation of mushrooms is not allowed. However, there are biocides admitted that contain formaldehyde and the regulation provides the possibility of exemptions for mushroom substrates and fertilizers (Royal Decree of 7 January 1998 on the trade in fertilizers, soil improvers and growing substrates). Currently, there are no European or Belgian standards for formaldehyde in mushrooms. The main objective of this paper is to evaluate if the presence of formaldehyde in cultivated mushrooms poses a risk to consumers and if regular control of formaldehyde in cultivated mushrooms is necessary. To place the potential risk into perspective, the total dietary exposure to formaldehyde is considered as well.
Materials and methods

Samples
A first batch of mushrooms (Agaricus, Pleurotus) was sampled in the context of the monitoring programme of the FASFC. Mainly mushrooms of Belgian origin were sampled, but also imported mushrooms were considered (Table 1) . Next, an inquiry was performed at corresponding Belgian production sites, where a second mushroom sample (ready for harvesting), a sample of the compost bed and a sample of the casing soil were taken. Samples were stored frozen until analysis.
Analysis of formaldehyde
Formaldehyde levels in mushrooms and substrates were analysed after extraction with acetonitrile and derivatization with dinitrophenylhydrazine (DNPH) by high-performance liquid chromatography (HPLC) with ultra violet-diode array detection (HPLC-UV-DAD; Varian, Middelburg, The Netherlands), according to the method described by Tomkins et al. (1989) .
For extraction, fresh mushroom (100 g) was mixed with 1-acetonitrile (100 ml) and placed for 30 min in an ultrasonic bath and for 30 min on an orbital shaker. After filtration, 5 ml DNPH derivatization reagent were added (i.e. 300 mg DNPH dissolved in 50 ml acetonitrile with 0.5 ml H 3 PO 4 (85%)). The mixture was further diluted to 200 ml with acetonitrile and placed for 3 h in a thermostatic oven at 40 C. After filtration on a membrane filter (0.45 mm), 20 ml of sample were injected on a Luna C18 column (250 Â 4.6 mm, 5 mm; Phenomenex, Utrecht, The Netherlands). Mobile phase A was acetonitrile, mobile phase B was a 0.02 M NaH 2 PO 4 solution in acetonitrile at pH 4 (50 : 50 v/v). Gradient elution started at 0% A, rising after 12 min linearly to 60% A over 2 min, then held at 60% A for a further 6 min before returning to the initial conditions. The total injection cycle time was 24 min and the flow rate was 1.0 ml min À1 . The presence of formaldehyde was confirmed by comparison of the samples' retention time (approximately 9.6 min) and characteristic spectrum with a standard sample (formaldehyde solution 4 36.5%; Sigma-Aldrich, Bornem, Belgium) at 353 nm. The limit of quantification (LOQ) for 100 g of sample was determined as 0.02 mg kg À1 .
Consumption data
Consumption data were obtained from the Belgian Food Consumption Survey (BFCS) performed in 2004 and coordinated by the Scientific Institute of Public Health (Devriese et al. 2005) . The survey involved 3214 participants older than 15 years, which were interviewed twice about their consumption during the last 24 h (non-consecutive 24-h recall). Participants were selected by a multistage procedure from the National Register and the fieldwork was spread over 1 year to anticipate seasonal effects. The usual food intake was estimated by the Nusser method using C-side software (Dodd 1996) .
Results and discussion
Occurrence of formaldehyde
Formaldehyde is ubiquitous. Possible anthropogenic sources of formaldehyde are combustion (vehicular exhaust, waste, cigarettes, etc.), industrial applications (resins, paints, etc.), and consumer goods (cosmetics, pesticides, contact materials, etc.). In the atmosphere, formaldehyde is both directly emitted and formed as a result of photochemical oxidation of reactive organic gases. The concentration of formaldehyde in the air is generally below 0.001 mg m À3 in rural areas and below 0.020 mg m À3 in urban areas (IARC 2006) . The indoor air may contain higher levels of formaldehyde compared with the outdoor air due to evaporation from furniture, paints and construction materials. Reported levels for indoor air range between 0.02 and 0.06 mg m À3 (IARC 2006) . The formaldehyde level due to occupational exposure (e.g. during the varnishing of furniture and wooden floors, in the finishing of textiles, in the garment industry, in the treatment of fur and in certain jobs within manufactured board mills and foundries, etc.) is on average 2 mg kg À1 (Heck and Casanova 2004; IARC 2006) .
In rainwater, formaldehyde concentrations of 0.1-0.2 mg l À1 are measured (IPCS 1989) . In drinking water, formaldehyde is mainly formed by natural oxidation of humic substances during the ozonation and chlorination of the water or is released into the water from plastic plumbing. Water treated with ozone likely contains less than 50 mg l À1 formaldehyde (World Health Organization (WHO) 2005; Owen et al. 1990) .
Formaldehyde is also naturally present in the majority of living organisms. As an intermediary metabolic product formaldehyde is essential for the biosynthesis of certain amino acids. In vivo most formaldehyde is probably (reversibly) bound to macromolecules (IPCS 2002) . The content of endogenously metabolically formed formaldehyde can range between 3 and 12 ng g À1 tissue (Owen et al. 1990 ). The endogenous concentration of formaldehyde measured in blood is 2-3 mg l À1 (IARC 2006). A similar concentration was found in the blood of rats and monkeys (Heck et al. 1985; Casanova et al. 1988 ) and a two to four times higher concentration was observed in the liver and the nasal mucosa of rats (Heck et al. 1982) .
Additionally, formaldehyde is a natural component of a variety of foodstuffs. Monitoring the formaldehyde level of food, however, has generally been performed sporadically and source-directed and only few data are available to characterize the range and distribution of formaldehyde concentrations in food (IPCS 2002) . In the context of the monitoring programme, the FASFC analysed the formaldehyde level of cultivated mushroom samples. The concentration ranged between 0.08 and 0.65 mg kg À1 (n ¼ 29) (Table 1) . It seems that the formaldehyde concentration of organically cultivated mushrooms (on average 0.34 AE 0.19 mg kg À1 (n ¼ 5)), is similar to the concentration measured in conventionally cultivated mushrooms (on average 0.29 AE 0.15 mg kg À1 (n ¼ 24)). (The production of organic food within the European Union, as well as the importation of organic food from outside the European Union is controlled by European Union Regulation 2092/91; European Commission 1991.) No correlation is observed between mushrooms and compost bed or casing soil with respect to the formaldehyde concentration. Moreover, there seems to be no transfer of formaldehyde between substrate treated with formaldehyde and mushrooms (internal communication, data not given). At the production site no indications were found of unauthorized treatment of substrates (compost bed and casing soil) with formaldehyde. Data given in Table 1 thus concern endogenously formed formaldehyde. In the literature, studies considering the presence of formaldehyde in mushrooms are scarce. Existing data concern Shiitake mushrooms, which have a relatively high formaldehyde level. In a study of the British Food Safety Agency (FSA) formaldehyde concentrations in the order of 100-300 mg kg À1 were observed in both fresh and partially dried Shiitake mushrooms due to natural production. These formaldehyde concentrations refer, however, to a combination of free and 'bound' formaldehyde (i.e. formaldehyde derived from the breakdown of larger molecules by thermal degradation, by acidic and enzymatic hydrolyses, e.g. during analysis). After 6 min of cooking, the formaldehyde level was significantly decreased. Preservation for 10 days had no effect on the formaldehyde content of the mushrooms (Mason et al. 2004) . In an opinion of the French Agence Franc¸aise de Se´curite´Sanitaire des Aliments (AFSSA), it was concluded that a maximum formaldehyde level of 63 mg kg À1 in fresh Shiitake mushrooms can be considered safe for the consumer (AFSSA 2001). Formaldehyde levels observed in the present study are well below these values.
For comparison, literature data regarding the formaldehyde concentration of different foodstuffs are presented in Table 2 . Formaldehyde levels range between 3 and 60 mg kg À1 for vegetables and fruits, between 51 and 34 mg kg À1 for fish and meat (for crustaceans between 1 and 98 mg kg À1 ), and around 1 mg kg À1 for milk and milk products. For alcoholic beverages, soft drinks and coffee, formaldehyde levels between 0.02 and 16.3 mg l À1 are reported. It should be noted, however, that literature data are scarce and that data presented in Table 2 could be biased (e.g. because they are based on a limited number of samples). Most of the levels reported in Table 2 are due to the natural occurrence of formaldehyde, but it can not be excluded that some values are a result of processing (e.g. fumigation, the use of formaldehyde-containing food additives, migration from melamine-, phenol-and urea-formaldehyde plastics, the addition to feed to improve handling characteristics or as a preservative, etc.). Moreover, the analytical method used to quantify formaldehyde may affect the formaldehyde level measured since there are many potential precursors that can form formaldehyde under certain extraction and derivatization conditions used during analysis (Mason et al. 2004 ). Table 3 presents the intake of formaldehyde through the consumption of cultivated mushrooms based on monitoring data of the FASFC (Table 1) and consumption data of the BFCS (Devriese et al. 2005) . The intake was calculated by a deterministic approach multiplying a fixed value for consumption with a fixed value for the formaldehyde level (such as the mean or P97.5), and concerns only consumers of mushrooms and not the whole population. One of the main criticisms of the deterministic approach is its inherent conservatism. Nevertheless, due to its simplicity and its worldwide use and acceptance, this point estimate approach may be used as a screening tool.
Formaldehyde intake
On average, the formaldehyde intake due to the consumption of cultivated mushrooms was 0.2 mg kg À1 body weight day À1 . In the (upper) worstcase scenario, the intake could amount to 4.0 mg kg À1 body weight day À1 . In the FSA study cited above, the formaldehyde intake due to consumption of Shiitake mushrooms was estimated to be 0.15-0.16 mg kg À1 body weight. It was concluded that such an intake level poses probably no appreciable risk to public health (Mason et al. 2004 ). The intake determined in the FSA study is one to two orders of magnitude higher than estimated in the present study. Not only different types of mushrooms were considered in both studies, but also different analytical methods were applied. As mentioned above, the analytical conditions used can affect the formaldehyde level measured due to the breakdown by thermal degradation, acidic and enzymatic hydrolyses of larger molecules. In the FSA study, formaldehyde levels were determined after extraction by acid hydrolysis and steam distillation using a spectrophotometric method and LC-MS. Formaldehyde formation and potential routes for its generation in mushrooms by steam distillation under acidic conditions have been described in the literature (Tyihak et al. 1996; and Yamazaki et al. 1980 , cited by Mason et al. 2004) .
Additionally, the total dietary exposure of formaldehyde was estimated deterministically for the whole population (Table 4) . Based on the formaldehyde data available in the literature, an average formaldehyde intake of approximately 7.5 mg day À1 (0.10 mg kg À1 body weight day À1 ) was obtained (beverages not included). This is a rough estimate of the actual intake, for one because it was assumed that each person consumes each day average amounts of fruit, vegetables, meat or fish, milk and dairy products. Also, formaldehyde levels used for calculations were taken arbitrarily as the average between the minimum and maximum concentration found in literature and are as such biased (see above). In addition, the effect of, for example, cooking before consumption on the formaldehyde content, which can lower the formaldehyde content of the food by evaporation, was not accounted for. Moreover, the proportion of formaldehyde in foods that is bioavailable and the amount that is in a bound and unavailable form, is unknown (IPCS 1989 (IPCS , 2002 Health Canada 2001) .
A similar exercise was performed by Owen et al. (1990) , who calculated an annual dietary formaldehyde intake of about 4000 mg year À1 , equivalent to approximately 11 mg day À1 . The intake through drinking water was calculated to be on average less than 40 mg day À1 . The rough estimate given by the International Programme on Chemical Safety (IPCS 1989) for formaldehyde exposure through food is of the same range, namely between 1.5 and 14 mg day
À1
for an average adult.
It is clear that the intake through the consumption of mushrooms is negligible compared with the intake of formaldehyde via the consumption of different food products (only 0.2%).
When considering the 'total' exposure to formaldehyde, other routes of exposure should also be considered such as inhalation and skin absorption by dermal contact (e.g. by use of cosmetics). The latter route of exposure can be considered negligible (except in certain workplaces), whereas the first route is probably the most important one. Probabilistic simulations of Health Canada indicate that through the air one in every two people would be exposed to 24-h average formaldehyde concentrations of ! 20-24 mg l À1 (24-29 mg m À3 ) and that one in 20 people (i.e. the 95th percentile) would be exposed to 24-h average formaldehyde concentrations in air ! 67-78 mg l À1 (80-94 mg m À3 ) (Health Canada 2001). The German Bundesinstitut fu¨r Rizikobewertung (BfR) established in a recent toxicological evaluation a tolerable air concentration of 0.1 mg l À1 formaldehyde, which is in line with the maximum allowable concentration (MAC) of 0.3 mg l À1 determined to protect workers in the workplace (BfR 2006).
Risk characterization
The WHO guideline for drinking water sets a maximum limit of 900 mg formaldehyde l À1 water (WHO 2006 for oral exposure (USEPA 1990) . The formaldehyde intake through consumption of mushrooms estimated in this study is 0.10% of the chronic USEPA RfD and 0.13% of the TDI determined by the WHO. As to the total dietary intake, it amounts to more or less 50% and 66% of the USEPA and WHO safety limits, respectively. The risk associated with the formaldehyde levels measured in food thus appears to be acceptable. Moreover, in an opinion regarding the use of 
Conclusion
The levels of formaldehyde detected in cultivated mushrooms are generally lower than those reported to occur naturally in vegetables, fruit, meat, fish and dairy products. The consumption of mushrooms results in a formaldehyde intake 1000 times lower than the toxicological safety limits given by the WHO and the USEPA and contributes only little to the total formaldehyde intake. Regular control of formaldehyde in cultivated mushrooms is thus not a priority. Due to a lack of data, it is difficult to assess precisely the total dietary intake. Nevertheless, the rough estimate presented in this paper is in line with values reported elsewhere and is 66% of the WHO TDI of 0.15 mg kg À1 body weight day À1 . Since probably not all formaldehyde is bioavailable and since there are no indications that formaldehyde is carcinogenic via the oral route, it can be concluded that the natural occurrence of formaldehyde in food presents no immediate cause for concern. Notes: a Concentration ¼ average of the minimum and the maximum concentration reported (see Table 2 ); it was assumed that the preparation of food (e.g. cooking) did not reduce the formaldehyde concentration.
b Usual average consumption of the Belgian population (Devriese et al. 2005) . c Calculated deterministically; the body weight was assumed to be 76 kg. 
